Summary. The regional distribution of calcitonin generelated peptide (CGRP)-immunoreactive nerve fibers in the epithelium throughout the nasal cavity was determined using semiserial cryostat sections and whole mount preparations.
The dense distribution of nerve fibers containing calcitonin gene-related peptide (CGRP) in the nasal mucosa of various mammals, including humans, has been noted in previous light-and electron-microscopic and immunohistochemical studies (UDDMAN et al., 1985; STJARNE et al., 1989; FINGER et al., 1990) . Experimental studies have suggested different functions of CGRP nerves in the nasal mucosa: regulation of the blood flow (STJARNE et al., 1989) , initiation of the protective reflex (ANGGARD et al., 1993) , stimulation of the secretory functions (GAwIN et al., 1993) . More recently, abundant CGRP-containing nerves have been recognized intraepithelially;
these were suggested to serve as chemoreceptors for certain kinds of stimuli in inhaled air and to initiate protective reflexes in the nasal mucosa (HAUSER-KRONBERGER et al., 1993; ANGGARD, 1993) . However, such information has been based on a vague impression that the intraepithelial CGRP nerve fibers display a homogenous distribution in the nasal mucosa.
Tissue elements that compose the nasal mucosa, including the epithelium, excretory glands and venous sinusoids, are uneven in distribution. The region-specific distribution of these structures has been interpreted as related to the nasal function (BOSJEN-MQLLER, 1964; MOGENSEN and TOS, 1977; KATZ and MERZEL, 1977; POPP and MARTIN, 1984) . A recent work demonstrated that capsaicin-induced plasma extravasation, indicating neurogenic inflammation, was greatest in the naso-and maxilloturbinates in rats (PETERSSON et al., 1993) . In the lower respiratory tract (CADIEUX et al., 1986; BALUK et al., 1992) and larynx (DoMEJI et al., 1991) , biochemical analysis and morphological observation using whole mount preparations have revealed a region-specific distribution of the peptidergic sensory nerve fibers. Despite the physiological and clinical importance of the intraepithelial CGRP nerve fibers in the nasal mucosa, knowledge of their regional distribution has been lacking. Precise information clarifying this point is required in order to understand how the nasal mucosa normally functions and responds to inhaled nasal toxicants.
The present study aims to demonstrate the distribution and morphology of the intraepithelial CGRPimmunoreactive nerve fibers over the whole area of the nasal mucosa of the rat, with special reference to their regionally specific features.
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MATERIALS AND METHODS

Tissue preparations
Ten adult male Wistar rats (180-220 g) were anesthetized with intraperitoneal injection of sodium pentobarbital (30mg/kg) and perf used through the aorta with normal saline, followed by 150 ml of 4% paraf ormaldehyde in 0.1 M phosphate buffer (pH 7.4). After perfusion fixation, the external soft tissue, mandible, tongue and brain were removed. The remaining craniofacial materials were immersed in the same fixatives for 24 h. Afterwards, they were decalcified over 24 h at 4C in Plank-Rychlo's solution (7 g aluminum chloride, 8.5 ml hydrochloric acid and 5 ml formic acid in 100 ml distilled water) and immersed in 30% sucrose solution at 4C. These were embedded in OCT compounds (Tissue Tek, Miles Scientific, Naperville, USA) and were snap frozen in liquid nitrogen. They were then sectioned frontally at 15 um in a cryostat (Sakura CD-41, Tokyo, Japan); semiserial sections were prepared at 100 am intervals and were processed for the immunohistochemical detection of CGRP. In five animals, the dissection and isolation of mucosa from the septum, naso-and maxilloturbinates and first ethmoturbinates was carried out under a dissection microscope after perfusion fixation. These samples were processed for whole mount preparations.
Immunohistochemistry using cryostat sections
Cryostat sections were air-dried and then incubated for 1 h in a 0.3% Triton X-100 in 0.1 M phosphate buffered saline (PBS), pH 7.2, followed by immersion in methanol containing 0.03% H202 for 15 min. After being rinsed in PBS, the sections were incubated in normal goat serum for 1 h and thereafter rinsed again three times for 5 min each in PBS. They were then incubated with a rabbit polyclonal human CGRP II antibody (Peninsula Lab., California, USA) at a dilution of 1: 4000 in PBS at 4C overnight. Sections were then washed in PBS and incubated with biotin-labeled anti-IgG for 1 h, followed by streptavidin-conjugated peroxidase for 1 h (Histofine, Nichirei, Tokyo, Japan). Antibody binding was visualized with H2O2 and diaminobenzidine reaction. The immunostained sections were dehydrated in a graded ethanol series and mounted with Eukitt (0. Kindler GmbH & Co, Germany).
Whole mount preparations for CGRP
The samples for whole mount preparations were, for permeability of the antibodies, dehydrated through a graded ethanol series for 15 min in each step, immersed in xylene and then rehydrated. After blocking endogenous peroxidase with methanol including H202, they were incubated with a normal goat serum for 1 h and thereafter were incubated for 48 h in the primary rabbit antibody diluted 1: 8000 in PBS. Tissues were processed to streptavidin-biotin complex method mentioned above. Stained whole mount preparations were flattened on gelatin-coated slide glasses and then air-dried. They were dehydrated in a graded alcohol series and mounted with Eukitt.
RESULTS
Observation of cryostat sections
The dense distribution of epithelial CGRP-immunoreactive nerve fibers was apparent in decalcified preparations of the rat nose. Mapping of the intraepithelial CGRP-immunoreactive nerve fibers in the nasal mucosa was performed to determine their different distributions according to the location ( Fig.  1 ). In general, both respiratory and olfactory epithelia displayed an extensive plexus of varicose immunoreactive nerve fibers at the basal level of the epithelium throughout the nasal cavity. From this plexus, numerous varicose fibers extended perpendicularly and obliquely toward the luminal surface to terminate as apparently free nerve endings.
Marked differences in the density of the intraepithelial nerve fibers with the CGRP immunoreactivity were found between the different regions. The CGRPimmunoreactive nerve fibers within the respiratory epithelium were abundant on the septal mucosa ( Fig.  2A) , on the ventromedial side of the nasoturbinates and on the dorsal aspect of the maxilloturbinates, whereas they were very few on the lateral side of the naso-and maxilloturbinates and on the lateral nasal wall (Fig. 2B ). The regional differences, to a certain extent, corresponded to that of cavernous sinusoids which were well-developed on both sides of the nasal septum, ventromedial side of the nasoturbinates, dorsal surface of the maxilloturbinates and lateral swell body (Fig. 2) .
These region-specfic features appeared essentially the same in various sections along the antero-posterior axis, namely from the anterior extremity of the nasal cavity covered with pseudostratified ciliated columnar epithelium to the anterior opening of the nasopharyngeal duct (Fig. 1) . Moreover, the observation of serial sections revealed another characteristic regional difference of the CGRP nerves: the density of the intraepithelial nerve fibers was higher in the anterior portion than in the posterior portion. How-ever, the squamous epithelium covering the anterior portion of the nasal septum, naso-and maxilloturbinates contained few intraepithelial CGRP-positive nerve fibers. Taken together, a regional difference in the respiratory mucosa was present not only between medial and lateral sides but also between anterior and posterior portions.
In addition, two distributional patterns of the CGRPimmunoreactive nerve fibers within the epithelium were distinguished according to the regions of the nasal cavity: one comprised mainly a horizontal nerve plexus at the basal level of the epithelium, while the other, consisted of the horizontal plexus plus transepithelially extended fibers (Fig. 3A) . The second pattern of innervation developed in the following four particular areas: 1) Within the anterodorsal epithelium of the nasal septum, a particularly dense innervation was noted, frequently showing closely packed CGRPimmunoreactive fibers to surround intraepithelial crypts consisting of goblet cells; 2) naso-and 3) maxillo-turbinates received a rich supply of this pattern, especially over their anterior tip (Figs. 2C, 3B) ; 4) Restricted regions of the lateral nasal wall including the lateral swell body (Fig. 2D ) and the convex lateral side of the nasoturbinates.
In the olfactory epithelium lining the mucosa of the septum and the ethmoturbinates, CGRP-immunoreactive nerve plexus was also identified in its basal region, sometimes extending varicose fibers perpendicularly to the luminal surface. In contrast to the respiratory epithelium, the perpendicular nerves in the olfactory epithelium were scanty and displayed no apparent regional difference.
Observation of whole mount preparations
Whole mount preparations demonstrated the entire extents of intraepithelial CGRP-immunoreactive nerve fibers in the nasal mucosa and essentially confirmed their distribution pattern or density observed using cryostat sections. Bundles of CGRP fibers were generally found to be interlaced in the lamina propria, to branch into smaller bundles and eventually to supply the nerves within the epithelium. The intraepithelial CGRP fibers formed a dense network, extending beaded fibers towards the luminal surface (Fig. 4A-C) . Swellings of the fibers were irregular in size along their running courses, with larger ones occurring more frequently at their tips (Fig. 4B, C) . These findings were observed in the entire epithelium of the nasal mucosa including the septum, naso-and maxilloturbinates, and ethmoturbinates.
No ganglia with CGRP immunoreactivity were found throughout the nasal cavity.
As already indicated in the cryostat sections, the density and distribution pattern of the intraepithelial nerve fibers differed markedly by region. In the epithelium of the nasal septum, CGRP fibers were less dense in the vestibular area, increasing in number in the more internal region to again become fewer close to the olfactory epithelium where the nerve fibers were very scanty in number (Fig. 4D) . The CGRP fibers in the naso-and maxilloturbinates also had distributions similar to those in the nasal septum. Namely, immunolabeled epithelial nerves were located predominantly in the anterior portion of both turbinates, becoming fewer in the posterior direction. Furthermore, whole mount prepartions confirmed that the intraepithelial nerve fibers were more densely distributed in the medial portion than the lateral surface. However, the epithelium of the protruded portion on the lateral aspect of the nasoturbinates displayed relatively dense nerve fibers (Fig. 4C ). In the septum and first ethmoturbinates, a dynamic change in the density of the intraepithelial fibers was recognizable on the borderline between the respiratory and olfactory areas: a relatively sharp line could be recognized as their density changed abruptly.
The whole mount preparations further demonstrated the courses and directions of the intraepithelial nerves. Generally, the nerves ran mainly in one distinct direction at a given site, forming a stream of fibers. In the anterodorsal portion of the nasal septum they ran in an oblique anterodorsal-to-posteroventral direction, but horizontally in the remaining portions of the septum (Fig. 4A ). In the naso-and maxilloturbinates nerves ran in an oblique anteroventral-posterodorsal direction (Fig. 4B, C) .
DISCUSSION
The rich existence of CGRP in the nasal mucosa has been demonstrated by radioimmunoassay and immunohistochemistry in several species including humans (UDDMAN et al., 1985; STJARNE et al., 1989; SILVERMAN et al., 1989; FINGER et al., 1990) . There has been a general agreement that unmyelinated sensory nerve fibers in the nasal mucosa exclusively contain CGRP and that substance P is colocalized with it (STJARNE et al., 1989; HAUSER-KRONBERGER et al., 1993) . The CGRP-immunoreactive nerves in the respiratory organs including the nasal mucosa are characterized by their dense distribution within the epithelium. However, in a number of previous immunohistochemical studies, main interest has focused on their localization in limited areas.
In the present study, using both serial coronal CGRP as well as SP have been considered predominant signals in sensory neurons. Since these peptidergic transmitters have been suggested to play an important role in neurogenic inflammation, the uneven distribution of the CGRP nerves may account for the regional specificity of this type of inflammation, showing a particularly severe reaction in the front and free border of both naso-and maxilloturbinates, as was revealed by a recent study (PETERSSON et al., 1993) . Although the postcapillary venules have been considered to be a predominant site of plasma extravasation, innervation of this vessel was proven to be very poor (MCDONALD et al., 1988; BALUK et al., 1992) . Moreover, the mechanisms of the effects of the sensory mediators such as SP and CGRP on the venules have not been confirmed until now despite a suggested direct action. It therefore remains to be clarified whether we can ascribe the differences in the severity of the neurogenic inflammation to the regional differences of intraepithelial CGRP-immunoreactive nerves. In this context, it seems worthwhile to note that an experimental study in the rat demonstrated that there was an intimate relationship between the magnitude of the neurogenic inflammation and the contents of substance P (PERIL et al., 1988) .
Earlier experimental evidence has suggested regional differences of the CGRP-immunoreactive nerve fibers in respiratory organs such as the lung in the rat (CADIEUX et al., 1986; MANzINl et al., 1989) and larynx in the same animal (DOMEJI et al., 1991) . As for the nasal cavity, only a radioimmunoassay study X290. Bundles of CGRP-immunoreactive nerves in the lamina propria issue various branches, forming a network in the basal level of the epithelium. The density distribution of CGRP-immunoreactive nerve fibers in the epithelium is relatively higher in the nasal septum (A) and medial side of the nasoturbinate (B), compared to its lateral side. However, the protruded portion of the lateral surface of the nasoturbinate displays a dense nerve supply (C). Typical varicose fibers extending upwards from the basal plexus are shown in the olfactory epithelium (D), where the CGRP-immunoreactive nerve fibers become sparse.
by STJARNE et al. (1989) is available, demonstrating regional differences in the tissue contents of CGRP in the nasal mucosa of some species, especially the guinea pig and pig; the anterior portion contained higher levels than the posterior parts in coincidence with the present results. The distribution pattern of SP/CGRP-immunoreactive nerves in the nasal mucosa is markedly similar among species (UDDMAN et al., 1985; STJARNE et al., 1989; HAUSER-KRONBERGER et al., 1993) . Therefore, the regional differences of these sensory neurons may be valid for the human nasal mucosa.
What is the reason for the intraepithelial CGRP nerve fibers to display the regional differences in distribution in the nasal mucosa
In various mammals including humans, cyclic variation in nasal air conductivity is induced by a tidal distention of various sinuses, by which nasal functions are well controlled (BOSJEN-MILLER and FAHRENKRUG, 1971; STOKSTED, 1952) . these venous structures are especially numerous in the tip of the nasoturbinates, the swell body, the roof of the nose and the upper part of the septum (DAWES and PRICHARD, 1948) . To a certain extent, the distribution of CGRP immunoreactive nerve fibers elucidated in the present study, corresponds to the development of the venous sinuses. Previous studies reported that the venous sinuses were innervated by CGRP-immunoreactive nerve fibers (BARANIUK et al., 1990) and that the intraarterial infusion of CGRP induced a prolonged vascular dilation (RANGI et al., 1990) .
Moreover, experimental studies showed that the aerosol from a nasal pump was concentrated chiefly in the anterior part of the nose, without reaching the lung (NEwMAN et al., 1987; HALLWORTH and PADFIELD, 1986) . The sensory terminals extending to the luminal surface can be strongly activated by irritants, releasing bioactive transmitters to initiate the protective reflex as soon as possible (FINGER et al., 1990) . These suggestions are consonant with the present findings that the transepithelial CGRP-immunoreactive nerves were mostly distributed in the anterior portion of both naso-and maxilloturbinates.
